Prolonged cultivation (>25 generations) of Saccharomyces cerevisiae in aerobic, maltose-limited chemostat cultures led to profound physiological changes. Maltose hypersensitivity was observed when cells from prolonged cultivations were suddenly exposed to excess maltose. This substrate hypersensitivity was evident from massive cell lysis and loss of viability. During prolonged cultivation at a fixed specific growth rate, the affinity for the growth-limiting nutrient (i.e., maltose) increased, as evident from a decreasing residual maltose concentration. Furthermore, the capacity of maltose-dependent proton uptake increased up to 2.5-fold during prolonged cultivation. Genome-wide transcriptome analysis showed that the increased maltose transport capacity was not primarily due to increased transcript levels of maltose-permease genes upon prolonged cultivation. We propose that selection for improved substrate affinity (ratio of maximum substrate consumption rate and substrate saturation constant) in maltose-limited cultures leads to selection for cells with an increased capacity for maltose uptake. At the same time, the accumulative nature of maltose-proton symport in S. cerevisiae leads to unrestricted uptake when maltose-adapted cells are exposed to a substrate excess. These changes were retained after isolation of individual cell lines from the chemostat cultures and nonselective cultivation, indicating that mutations were involved. The observed trade-off between substrate affinity and substrate tolerance may be relevant for metabolic engineering and strain selection for utilization of substrates that are taken up by proton symport.
Maltose, a disaccharide consisting of two glucose molecules linked via an 1,4-␣ bond, is the main carbon source for Saccharomyces cerevisiae during beer fermentation and leavening of bread dough (4, 13, 21, 48) . In addition to being of significance for applied use, the maltose regulon in S. cerevisiae serves as a paradigm for metabolic regulation in this model eukaryote (19, 24, 38, 39) .
The metabolism of maltose differs from that of glucose only in the first two steps, namely, its transport and subsequent hydrolysis into glucose (25) . Maltose is taken up via a maltoseone-proton symport mechanism (56) . Extrusion of the symported proton via the plasma membrane ATPase costs one ATP molecule per proton (61, 65) . As a result, the net ATP yield from the alcoholic fermentation of maltose is lower than that during glucose fermentation (1.5 instead of 2 ATP molecules per glucose unit). In S. cerevisiae, the intracellular hydrolysis of maltose into two glucose molecules is catalyzed by maltase (␣-glucosidase [EC 3.2.1.20]).
The genes encoding the maltose permease and the maltase are located on five highly homologous loci (MAL1, MAL2, MAL3, MAL4, and MAL6) (3, 11) . The number and identity of MAL loci is strain dependent (37) . Every MAL locus consists of three genes. The first gene (MALx1) encodes the maltoseproton symporter (12) . Maltase is encoded by the MALx2 gene (14, 23) . The third MAL gene (MALx3) encodes a DNA-binding, maltose-dependent transcriptional activator that specifically acts at the MALx1 and MALx2 genes (10, 22) .
Maltose metabolism in S. cerevisiae is strongly negatively regulated by glucose, both at the transcriptional level and at the enzyme activity level (5, 26, 27, 33-35, 49, 69) . Despite this multilayered regulation of maltose metabolism, several reports indicate that S. cerevisiae cells can have difficulties in coping with sudden changes in the extracellular maltose concentration. Exposure of aerobic, maltose-limited chemostat cultures to excess maltose has even been reported to result in maltoseaccelerated death (47) . This loss of viability, which was accompanied by the release of glucose in the medium, was interpreted to be a result of nonrestricted maltose uptake and hydrolysis, with the resulting accumulation of glucose and protons in the cells leading to cell death and lysis (47) . Release of glucose upon exposure to excess maltose was also observed in S. cerevisiae mutants that were defective in glucose catabolite repression (15, 16) .
During prolonged cultivation in nutrient-limited chemostats, natural genetic selection often leads to the accumulation of mutants with an improved affinity for the growth-limiting nutrient (6, 64) . As a rule of thumb, it has been proposed that chemostat cultivations that last for fewer than 20 generations allow the detailed investigation of physiological responses to defined, specific conditions. Conversely, the genetic adaptation that occurs in more prolonged chemostat runs can provide insight in evolutionary processes (17, 29) . On one hand, the selection pressure in chemostat cultures may be used to enhance the selection of desirable genetic and physiological properties. On the other hand, prolonged cultivation (also batch cultivation) may have detrimental effects, such as the gradual loss of productivity (53) . This is relevant for the fermentation industry, in which prolonged cultivation (e.g., repeated batch cultivation) is often applied.
In a recent study (25) we analyzed glucose efflux upon exposure of S. cerevisiae to excess maltose, with yeast cells originating from "young" chemostat cultures (Ͻ20 generations). In these experiments no cell lysis was observed upon exposure to excess maltose. However, in further work on this subject, we observed an apparent effect of chemostat culture age on transport capacity. The aim of the present study was to further investigate the effect of prolonged maltose-limited chemostat cultivation on the physiology of S. cerevisiae. To this end we monitored the affinity for maltose, genome-wide transcript levels, activities of key enzymes, and physiological responses to maltose excess during long-term cultivation in maltose-limited chemostat cultures.
MATERIALS AND METHODS
Strains and maintenance. The haploid, prototrophic S. cerevisiae strain CEN.PK113-7D (MATa MAL2-8 c SUC2) was obtained from P. Kötter, Frankfurt, Germany. Precultures were grown to stationary phase in shake flask cultures on synthetic medium (63) adjusted to pH 6.0 and containing 2% (wt/vol) glucose. After addition of sterile glycerol (30%, vol/vol), 2-ml aliquots were stored in sterile vials at Ϫ80°C. These frozen stock cultures were used to inoculate precultures for chemostat cultivation.
Media. Synthetic medium containing mineral salts and vitamins was prepared and sterilized as described previously (63) . For chemostat cultivation, the maltose concentration in reservoir media was 7.5 g ⅐ liter Ϫ1 (0.25 mol of C ⅐ liter Ϫ1 ). Chemostat cultivation. Aerobic chemostat cultivation was performed at a dilution rate of 0.10 h Ϫ1 at 30°C in 2.0-liter laboratory fermentors (Applikon, Schiedam, The Netherlands) with stirring at 800 rpm. The working volume of the cultures was kept at 1.0 liter by a peristaltic effluent pump coupled to an electrical level sensor. This setup ensured that under all growth conditions, biomass concentrations in samples taken directly from the culture differed by Ͻ1% from biomass concentrations in samples taken from the effluent line (41) . The exact working volume was measured after each experiment. The pH was kept at 5.0 Ϯ 0.1 by an ADI 1030 biocontroller via the automatic addition of 2 mol of KOH ⅐ liter Ϫ1 . The fermentor was flushed with air at a flow rate of 0.5 liter ⅐ min Ϫ1 by using a Brooks 5876 mass flow controller. The dissolved oxygen concentration was continuously monitored with an oxygen electrode (model 34 100 3002; Ingold) and remained above 60% of air saturation. A steady state was defined as the situation in which at least five volume changes had passed after the last change in growth conditions and in which the biomass concentration and the specific rates of carbon dioxide production and oxygen consumption had remained constant (Ͻ2% variation) over two volume exchanges. In case of spontaneous oscillatory behavior, a pulse of ethanol (50 mM) was added to the culture to dampen out the oscillations. Chemostat cultures were routinely checked for purity by phase-contrast microscopy.
Exhaust gas analysis. The exhaust gas was cooled in a condenser (2°C) and dried with a Perma Pure dryer (type PD-625-12P). O 2 and CO 2 concentrations were determined with a Rosemount NGA2000 analyzer. Determination of the exhaust gas flow rate and calculations of specific rates of CO 2 production and O 2 consumption were performed as described previously (62, 66) .
Determination of culture dry weight. Culture samples (10 ml) were filtered over preweighed nitrocellulose filters (pore size, 0.45 m; Gelman Sciences). After removal of medium, the filters were washed with demineralized water, dried in a Whirlpool Easytronic M591 microwave oven for 20 min at a 360-W output, and weighed. Duplicate determinations varied by Ͻ1%.
Extracellular metabolite analysis. Glucose, maltose, ethanol, glycerol, acetate, and pyruvate present in the supernatants of chemostat cultures were determined by high-pressure liquid chromatography (HPLC) analysis with an HPX-87H Aminex ion-exchange column (300 by 7.8 mm; Bio-Rad) at 60°C. The column was eluted with 5 mM sulfuric acid at a flow rate of 0.6 ml ⅐ min Ϫ1 . Pyruvate and acetate were detected with a Waters 441 UV meter, coupled to a Waters 741 data module, at 214 nm. Glucose, maltose, ethanol, and glycerol were detected with an ERMA type ERC-7515A refractive-index detector coupled to a HewlettPackard type 3390A integrator. Maltose concentrations in reservoir media were also analyzed by HPLC.
Off-line anaerobic fermentation assays. Samples containing exactly 200 mg (dry weight) of biomass were harvested from a steady-state chemostat culture by centrifugation (5,000 ϫ g, 3 min) and resuspended in 10 ml of fivefold-concentrated synthetic medium (pH 5.6). Subsequently, these cell suspensions were introduced into a thermostatted (30°C) vessel. The volume was adjusted to 40 ml with demineralized water. After 10 min of incubation, 10 ml of a maltose solution (20 g ⅐ liter Ϫ1 [final concentration]) was added, and two 1-ml samples were taken at appropriate time intervals for 2 h. The 10-ml headspace was continuously flushed with water-saturated carbon dioxide at a flow rate of approximately 30 ml ⅐ min Ϫ1 . Sugar concentrations and metabolite levels in the supernatants were determined by HPLC analysis. At the end of the experiments (after 2 h), some growth had taken place (data not shown). Consequently, carbon recoveries were only ca. 90% when growth of biomass was not taken into account.
Preparation of cell extracts. For preparation of cell extracts, culture samples were harvested by centrifugation, washed twice with 10 mM potassium phosphate buffer (pH 7.5) containing 2 mM EDTA, concentrated fourfold, and stored at Ϫ20°C. Before being assayed, the samples were thawed, washed, and resuspended in 100 mM potassium phosphate buffer (pH 7.5) containing 2 mM MgCl 2 and 1 mM dithiothreitol. Extracts were prepared by sonication with 0.7-mmdiameter glass beads at 0°C in a MSE Soniprep 150 sonicator (150-W output, 8-m peak-to-peak amplitude) for 4 min at 0.5-min intervals. Unbroken cells were removed by centrifugation (20 min at 36,000 ϫ g) at 4°C. The supernatant was used as the cell extract.
Maltase activity assays. Maltase (EC 3.2.1.20) activity was measured with a discontinuous assay. The reaction mixture contained a McIlvain buffer (a combination of 100 mM citric acid and 200 mM Na 2 HPO 4 ) at pH 6.6 and 120 mM maltose (43) . The reaction was carried out in a total volume of 2 ml at 30°C and was started by the addition of cell extract. At different time intervals, a sample (100 l) was withdrawn from the reaction mixture and the reaction was stopped by the addition of 10 l of 1 M Tris. The samples were analyzed enzymatically for glucose by using the UV method (Boehringer kit no. 716251). Activities were expressed as micromoles of maltose converted per minute and per milligram of protein (units ⅐ milligram of protein Ϫ1 ). Protein determination. Protein concentrations in the supernatants of anaerobic fermentation assay mixtures and in cell extracts were determined by the Lowry method (32). Dried bovine serum albumin (fatty-acid free; obtained from Sigma, Zwijndrecht, The Netherlands) was used as a standard. In all experiments, the average number on three plates was used to calculate the viable counts.
Proton transport measurements. As the ratio of maltose-proton symport is 1:1 (56, 61), it was possible to calculate the maltose transport capacity, by measuring the rapid alkalinization of the medium (56) . After harvesting of cells from steady-state cultures by centrifugation, the cells were resuspended in 1 ml of 1.25 mM phthalate buffer (pH 5.0) and transferred to a small magnetically stirred and thermostatted (30°C) vessel. This suspension was adjusted to a total volume of 4 ml with the same phthalate buffer. The final concentration of biomass was 3.5 to 4.5 g (dry weight) ⅐ liter Ϫ1 . At time zero, a maltose pulse (100 l, 1 M) was added. The rapid alkalinization of the extracellular environment was monitored with an Applikon XD5533501C sensitive pH electrode which was connected to a Philips PW 9421 pH meter. The signal was recorded with a Kipp BD40 recorder. The pH VOL. 70, 2004 MALTOSE HYPERSENSITIVITY OF S. CEREVISIAE 1957 meter was used in the millivolt mode. To calculate initial proton uptake rates from the recordings, the system was calibrated with defined pulses of NaOH (20 and 40 l, 10 mM NaOH). Maltose transport capacity was calculated from the initial slopes of the curves. Measurements of residual maltose in continuous cultures. Five-milliliter samples of cells were rapidly (within 3 s) transferred from the chemostat culture into a syringe containing 62.0 g of cold steel beads (diameter of 4 mm and temperature of Ϫ20°C). After withdrawal from the fermentor, the sample was directly filtered (0.25-m-pore-size filter). The supernatant was analyzed for maltose by HPLC with a HPX-87K column (300 by 7.8 mm; Bio-Rad) at 85°C. The column was eluted with demineralized water at a flow rate of 0.5 ml ⅐ min Ϫ1 . Maltose concentrations were determined with a Dionex ED50 detector in IPAD mode.
Total RNA isolation. Cells were rapidly (within 3 s) transferred from the chemostat culture into liquid nitrogen to immediately quench the metabolism. The frozen cell suspension (about 40 g of cell broth) was thawed gently on ice. After complete thawing, the cell suspension was centrifuged at 0°C for 5 min. Total RNA extraction from the pellets was performed by the hot-phenol method (54) .
Probe preparation and hybridization to arrays. Further handling of RNA samples for genome-wide transcriptome analysis with the Affymetrix GeneChip was performed as described previously (44) . Acquisition and quantification of array images as well as primary data analysis were performed with the Affymetrix Microarray Suite, version 4.01. Before comparison, all arrays were globally scaled to a target value of 1,000 by using the average signal of all gene features. From the 9,335 transcript features on the YG-S98 arrays, a filter was applied to extract 6,383 yeast open reading frames. Statistical analysis of genome-wide data sets was performed with Microsoft Excel running the Significance Analysis of Microarrays (version 1.12) add-in (59) . Statistical analysis of small subsets of maltose-related transcripts was done with a regular Student t test (P Ͻ 0.05).
Restart of chemostat cultivation. Stored glycerol stocks (Ϫ80°C) of a prolonged maltose-limited chemostat cultivation culture (containing 30% [vol/vol] sterile glycerol) were streaked out once for purity on a synthetic medium plate containing 0.8% (wt/vol) glucose. Single colonies were used for inoculation of a shake flask containing 0.8% (wt/vol) glucose, which, after growth to stationary phase, was used as the inoculum for the chemostat culture.
RESULTS
Physiology of S. cerevisiae in prolonged maltose-limited chemostat cultivations. Prolonged (Ͼ25 generations) chemostat cultivation of S. cerevisiae CEN.PK113-7D under maltose limitation at a dilution rate of 0.10 h Ϫ1 revealed no detectable changes in cell yield, exhaust gas rates, or, consequently, respiration quotient. The morphology of the cells also remained constant during the cultivation time as monitored microscopically (data not shown). This was in contrast to results of selection experiments under glucose limitation, in which cells become smaller and/or elongated, leading to an increased surface-to-volume ratio (2, 7).
Prolonged cultivation under maltose limitation leads to an increased substrate affinity. The affinity of microorganisms for a growth-limiting nutrient is determined by the ratio of their maximum substrate consumption rate and their substrate saturation constant ( max ⅐ K s Ϫ1 ). Nutrient-limited cultivation of microorganisms in chemostat cultures leads to a strong selective pressure for cells with an improved affinity for the growthlimiting nutrient (67) . A typical consequence of selection for cells with an improved substrate affinity for the growth-limiting nutrient is a decrease of its residual concentration in the chemostat (6, 17) . Indeed, during prolonged cultivation of S. cerevisiae in maltose-limited chemostat cultures, the residual maltose concentrations gradually decreased from 50 M at 10 generations to 10 M after 90 generations of chemostat cultivation (Fig. 1) .
Maltose transport capacity increases during prolonged cultivation. To investigate a possible role of maltose transport in the increasing affinity for maltose during long-term maltoselimited cultivation, we analyzed the capacity of the maltoseproton symporter. Transport of maltose was measured indirectly by measuring the uptake of protons, based on the known 1:1 stoichiometry of maltose/H ϩ symport in yeast (61, 65) . After maltose-limited cultivation for 35 generations, the maltose transport capacity of the cells had increased by 2.5-fold (Fig. 2) . This correlated well with a similar decrease of the residual maltose concentration over the same time interval (Fig. 1) . Prolongation of the chemostat runs beyond 40 generations did not result in a higher maltose transport capacity (Fig. 2) , even though the residual maltose concentration continued to decrease (Fig. 1) . Maltase activity was also monitored during prolonged chemostat cultivation under maltose limitation. Maltase activities increased only slightly, from 2.9 Ϯ 0.7 U ⅐ mg of protein Ϫ1 after 10 generations to 4.4 Ϯ 0.9 U ⅐ mg of protein Ϫ1 after 90 generations of cultivation (Fig. 3) . Prolonged chemostat cultivation leads to maltose hypersensitivity. It has been previously proposed that a high capacity for maltose-proton symport may lead to maltose-accelerated death when cells are exposed to excess maltose (47) . We therefore investigated the effect of prolonged cultivation in maltoselimited cultures on physiological responses after exposure to excess maltose.
When samples from young (Ͻ20 generations) maltose-limited chemostat cultures of S. cerevisiae CEN.PK113-7D were exposed to excess maltose, an efflux of glucose was observed, but cell viability was hardly affected (Fig. 4A and C) . We recently investigated this glucose efflux phenomenon and demonstrated that it is caused by efflux of glucose via one or more HXT hexose transporters, rather than by cell lysis or extracellular maltase activity (25) . When samples from older (Ͼ25 generations) maltose-limited chemostat cultures were exposed to excess maltose, a significant decrease of cell viability was observed. Plating on complex glucose media revealed a dramatic decrease in the number of CFU after exposure of culture samples to 20 g of maltose ⅐ liter Ϫ1 maltose. Viable counts were reduced by 55% Ϯ 2% after 35 generations (Fig. 4B) and even by 62% after 60 generations of cultivation (data not shown). This massive loss of cell viability was confirmed with a fluorescent live-dead staining technique (data not shown).
As another indicator of cell lysis, extracellular protein concentrations were analyzed after exposure of culture samples to excess maltose. In cells from young cultures, the extracellular protein concentration did not change after exposure to maltose (Fig. 4A) . However, in cells from a 35-generation-old culture, the extracellular protein concentration increased by ca. fivefold during exposure to excess maltose (Fig. 4B) .
Further confirmation of cell lysis was found in the changes in metabolite production and maltose consumption during exposure to excess maltose. A 10-generation-old culture consumed 26.0 Ϯ 1.2 mM maltose during a 2-h pulse experiment, while a 35-generation-old culture consumed only 19.2 Ϯ 1.5 mM maltose. Ethanol production decreased even more drastically, from 63.6 Ϯ 1.6 to 18.9 Ϯ 2.1 mM after 10 and 35 generations of cultivation, respectively. The release of glucose was twofold higher in cells from the long-term culture (Fig. 4C and D) .
Transcriptome analysis of long-term maltose-limited cultures. To check whether the observed physiological adaptations to long-term maltose-limited cultivation were caused by transcriptional (up-)regulation of MAL genes, a genome-wide transcript analysis was performed on young (10 generations) and old (45 generations) maltose-limited chemostat cultures. Several of the structural genes encoding maltose permeases (MALx1) and maltases (MALx2) exhibited significantly increased transcript levels in the old cultures ( Table 1 ). The pooled transcript levels of these genes also were significantly higher (Table 1 ). In the interpretation of these data, it should be taken into account that the complement of MALx1 and MALx2 genes in the CEN.PK113-7D strain is likely to differ from that on the DNA microarrays. Moreover, the signal for some of these transcripts in the old cultures may have been underestimated due to saturation. A further transcriptomewide and nonbiased analysis using the Significance Analysis of Microarrays algorithm (minimum fold change of 2 and false discovery rate of 2.5%) did not yield additional transcripts that were significantly up-or down-regulated during prolonged cultivation.
The maltose-sensitive phenotype of long-term maltose-limited cultures involves stable mutations. To test whether the changes observed after long-term maltose-limited cultivation were the result of physiological adaptation or of the selection of mutants, a new chemostat was started with a single-cell culture isolated from a 42-generation chemostat culture. After 10 generations of maltose-limited chemostat cultivation of this strain, samples were taken and analyzed for maltose sensitivity. Off-line exposure to excess maltose led to a 3.5-fold increase of the extracellular protein concentration (from 0.14 Ϯ 0.01 to 0.48 Ϯ 0.10 g ⅐ liter Ϫ1 ), which is comparable to the protein release by cells from of 35-generation-old cultures of the reference strain (Fig. 4B) . After 2 h of exposure of the selected strain to excess maltose, 27.9 Ϯ 1.9 mM maltose was consumed and 36.3 Ϯ 8.8 mM glucose and 21.9 Ϯ 8.8 mM ethanol were produced. These concentrations are in good agreement with those observed for prolonged cultivations of the reference strain (Fig. 4D) . indicative of a gradually increasing affinity ( max ⅐ K s Ϫ1 ) for maltose (8) .
DISCUSSION
In chemostat cultures at constant specific growth rates, the rate of maltose transport via the MALx1-encoded maltoseproton symporters equals the specific in situ rate of maltose consumption (q maltose [millimoles ⅐ gram Ϫ1 ⅐ hour Ϫ1 ) (65) . In an analysis of growth kinetics, we assume that, at the low residual maltose concentration in the chemostat culture, the specific rate of maltose-proton symport is controlled solely by the extracellular maltose concentration. This is equivalent to the assumption that maltose transport over the plasma membrane controls the specific growth rate. If, furthermore, maltose transport obeys Michaelis-Menten kinetics for extracellular maltose, then
The maltose uptake assays were performed at a maltose concentration of 25 mM, which is an order of magnitude above the substrate saturation constant (K m,transport ) in wild-type S. cerevisiae (47) . Consequently, the observed maltose transport activities should give a reliable estimate of the maximum transport capacity (V max,transport ). Hence, the K m,transport can be calculated from
During the initial phase of the long-term cultivation experiments, V max,transport increased, while K m,transport remained at ca. 1 mM (Fig. 2 and 5 ). This estimated K m,transport corresponds well with the values of 1 to 5 mM reported in the literature (47, 61) . After about 35 generations, V max,transport did not increase further. The observed further increase in maltose affinity was consistent with a gradual decrease of K m,transport (Fig. 5) . Thus, the development of maltose consumption kinetics indicates that long-term adaptation of S. cerevisiae to maltose-limited growth involves two distinct phases. In the first phase, affinity is increased by increasing the capacity of maltose transport and hydrolysis ( Fig. 2 and 3 ). The resulting maximum transport capacity may, for example, be determined by the maximum available membrane space (30) . In a second phase, the increase of maltose uptake affinity is consistent with a decrease of the K m of the maltose transporter(s). Alternatively, the decrease of the calculated K m indicated that, after 35 generations, control of the specific growth rate was no longer controlled by maltoseproton symport. Between culture ages of 10 and 45 generations, the capacities of maltose transport and maltase increased by ca. 2.5-and 1.5-fold, respectively ( Fig. 2 and 3 ). This correlated with changes in the transcript levels of several of the structural genes encoding maltose transporters and maltases ( Table 1 ), suggesting that the rapid increase in enzyme activity was at least to some extent achieved by increasing the number of maltose carriers in the plasma membrane rather than exclusively by increasing the turnover number of the individual carriers via point mutations or changes in their membrane environment. A transcriptome analysis of long-term glucosegrown chemostat cultures also revealed important changes in the expression of sugar transporters (17) . We have not investigated the molecular basis for the further increase of the affinity for maltose that occurred after 45 generations. Mechanisms that might contribute to this further increase include a different relative expression level of maltose transporter genes, mutations in one or more of these genes leading to a reduced K m,transport , and changes in the lipid composition of the plasma membrane (60) .
Maltose hypersensitivity. Extreme sensitivity to growth substrates, often leading to "substrate-accelerated death," has been observed for many combinations of microorganisms and substrates upon a transition from nutrient limitation to nutrient excess. In general, substrate-accelerated death appears to be due to an unrestricted influx of substrate, which subsequently may lead to several problems, including intracellular accumulation of substrate and metabolic intermediates, intracellular acidification, and futile cycling (9, 45, 46, 57) . In earlier studies in which maltose-accelerated death was observed in wild-type strains of S. cerevisiae or in mutants affected in glucose catabolite repression, osmotic problems due to rapid maltose uptake and hydrolysis were proposed as causes for this phenomenon (15, 16) . Furthermore, it has been proposed that the unrestricted uptake of maltose might lead to intracellular acidification, contributing to the cell lysis that is observed in maltose-stressed cultures (47) .
Effects of prolonged cultivation under maltose-limited conditions on the occurrence of maltose-accelerated death have not been reported previously. This does not necessarily imply that such effects were overlooked in the earlier chemostat studies by Postma et al. (47) . Instead, the different response of young chemostat cultures observed in their work may be attributed to the use of different S. cerevisiae strains and/or different experimental conditions. Our observations are consistent with a key role of the maltose-proton symporter (and possibly maltase) in maltose-accelerated death: a clear correlation was observed between an increased capacity for maltose transport and an increased maltose sensitivity. We attempted to further investigate the role of the maltose transporter by constitutively overexpressing the MAL61 gene (encoding an S. cerevisiae maltose-proton symporter) from the PMA1 promoter on a multicopy vector. However, although the maltose transport activity of young chemostat cultures of the transformed strain was significantly higher than that of the reference strain, it remained lower than the value at which maltose sensitivity became detectable in long-term cultures of the reference strain. Consistently, no maltose-accelerated death was observed when young chemostat cultures of the transformed strain were exposed to excess maltose (data not shown).
Selection in steady-state chemostat cultures. Single-cell cultures isolated from a prolonged maltose-limited culture exhibited a much lower residual substrate concentration than young cultures of the original strain. Selection of mutants with an improved affinity for the growth-limiting nutrient during prolonged chemostat cultivation has been reported for several combinations of microorganisms and growth-limiting nutrients (see, e.g., references 2, 17, 28, 52, 58, 67, and 68). Our observations underline that when parameters other than biomass and product yields are taken into account, "steady states" in chemostat cultures may not really exist. Already within 20 to 25 generations (the rule of thumb proposed in early publications [17] ), significant changes in maltose affinity were observed (Fig. 1) . This issue is especially relevant when high-information-density analytical tools (e.g., DNA microarrays) are used for quantitative analysis of microbial growth in chemostats. In such experiments, culture age has to be standardized to minimize experimental noise (29, 44) .
The observed correlation between improved maltose affinity and increased maltose sensitivity can be explained by a central role of the capacity of maltose-proton symport in these two parameters. This correlation is likely to occur in other cases in which the capacity of proton symporters is increased via metabolic engineering and/or strain selection, e.g., to broaden the substrate range of industrial organisms. For example, problems that have been encountered in attempts to engineer S. cerevisiae for the utilization of lactose via the expression of a heterologous lactose-proton symporter and ␤-galactosidase may well be related to this phenomenon (1, 50, 51) .
The term evolutionary engineering has recently been coined to describe the selection of microbial strains with specific characteristics via selection under rationally designed culture conditions (18, 20, 31, 40, 53, 55) . The use of chemostat cultures as "evolutionary devices" for selection of mutant microorganisms was already described in the 1950s and has since been successfully applied to improve numerous physiological traits (42, 64) . The results obtained in this study illustrate how, at least in some cases, selection under steady-state chemostat conditions may proceed at the expense of microbial performance under dynamic conditions. In an ecological sense, this underlines how important physiological characteristics such as substrate affinity and substrate tolerance can be interpreted only by taking into account the dynamic environmental conditions to which microorganisms have been exposed during evolution.
